Introduction
The bioluminescence reactions of various luciferase species have been widely used for a wide range of biochemical analyses because of their high sensitivity. Among the various types of luciferases, firefly luciferase (FFL) has been most frequently used as a model system of biological reactions because of its high luminescence reaction efficiency. [1] [2] [3] [4] However, FFL is unstable and rapidly loses its activity in aqueous solution. Compared to FFL, bacterial luciferase (BL) has a higher solubility and stability in aqueous solution. For this reason, the BL luminescence has been used to develop a model system to analyze the inhibition mechanisms of hydrophobic drugs on protein functions by our group. 5, 6 The reaction mechanism of the BL luminescence has been studied in detail by the Hastings group, and the overall reaction can be expressed by the following equation: 7, 8 FMNH2 + O2 + CnCHO → FMN + H2O + CnCOOH + hν, (1) where FMNH2 and FMN are the reduced and oxidized forms of the flavin mononucleotide, respectively, CnCHO is the alkylaldehyde and CnCOOH is the corresponding fatty acid. The BL system requires FMNH2 for the light emission reaction; however, FMNH2 is easily oxidized to FMN by dissolved O2, unless it is bound to the BL. 9 Therefore, FMNH2 should be regenerated from FMN to promote a continuous luminescence reaction.
In our proposed system, FMNH2 was regenerated by the electrochemical reduction of FMN by using the following scheme:
By using the electrochemical method, the continuous BL luminescence reaction could be achieved, and the system has been applied to study the effect of hydrophobic molecules on the BL luminescence reaction. 6, 10 In these studies, however, the BL was added to the solution, and hence the BL reaction took place in the bulk of the solution. In this condition, the BL reaction highly competes with FMNH2 oxidation by dissolved oxygen, because the FMNH2 should have to diffuse into the bulk of the solution for the BL reaction. Moreover, the BL should be added to each sample solution, resulting in a waste of the expensive BL enzyme. To improve these difficulties, we intended in this study to promote and control the BL luminescence reaction in a polymer film modified on the electrode surface by the electrochemical reduction of FMN to FMNH2. If the BL can be confined at the electrode surface, the BL reaction takes place just after FMNH2 generation at the electrode surface. Moreover, the BL-modified electrode can be used repeatedly if it maintains its enzymatic activity. For this purpose, the BL was immobilized into a poly(N-isopropylacrylamide) (PNIPAm) polymer film modified on an indium-tin oxide (ITO) electrode (BL-PNIPAm/ITO), as shown in Fig. S1 (Supporting Information). [11] [12] [13] The applicability of the developed BL luminescence system to assess the inhibition of protein functions by the hydrophobic molecules was also evaluated. A poly(N-isopropylacrylamide) film was modified on an indium-tin oxide electrode in order to immobilize bacterial luciferase (BL) on the electrode surface. By using the modified electrode, flavin mononucleotide (FMN) was electrochemically reduced to FMNH2, which is one of the substrates of the BL luminescence reaction, to control the bioluminescence reaction by BL. The BL reaction in the modified film could be promoted and controlled by the electrochemical generation of FMNH2. This BL luminescence system was evaluated as a model system for the inhibitory assay of hydrophobic molecules on protein functions. 1-Dodecanal (C11CHO) was purchased from Wako Pure Chemical Co. (Japan). All of the chemicals were used as supplied. For all measurements, the pH of the sample solution was adjusted to 7.0 with 50 mmol dm -3 phosphate buffer, and 0.1 mol dm -3 KCl was added to the solution as a supporting electrolyte.
Experimental

Preparation of BL-PNIPAm/ITO
The ITO electrode was purchased from GEOMATEC Co. (Japan) and cleaned by sequential ultrasonic cleaning in acetone, ethanol and water for 3 min each, and then immersed in a mixed solution of 1:1:5 (v/v/v) H2O2/NH4OH/H2O for 1 h at 70 C. The treated ITO electrode was washed with copious amounts of water and then dried. For preparing the PNIPAm film, an aqueous solution of 594 mmol dm -3 NIPAm, 6 mmol dm -3 BIS, 2 mmol dm -3 APS and 0.25 mmol dm -3 BL was dropped onto the cleaned ITO surface. The polymerization of NIPAm was then initiated by adding 30 mmol dm -3 TEMED to the NIPAm solution on the electrode. The polymerization solution was previously deoxygenated by bubbling N2 gas for 10 min, and polymerization was carried out under N2 environment. To remove any unreacted reagents from the PNIPAm film, the obtained BL-PNIPAm/ITO was immersed in the buffer solution until the electrochemical measurements.
Electrochemical measurements
The electrochemical measurements were performed using an HSV-100 potentiostat (Hokuto Denko, Japan). The luminescence intensity was measured with an H7821-001 photomultiplier (Hamamatsu Photonics, Japan). Both the electrochemical and luminescence signals were simultaneously recorded by a GL500A digital recorder (Graphtec, Japan). The homemade photoelectrochemical cell consisted of BL-PNIPAm/ITO as a working electrode, a Pt-disk as a counter electrode and Ag/AgCl (3 mol dm -3 NaCl) as a reference electrode. The geometric area of the ITO electrode was 0.61 cm 2 . The BL luminescence reaction was controlled by the constantpotential electrolysis of FMN. The cyclic voltammetry (CV) was also measured to monitor the FMN reduction at the BL-PNIPAm/ITO.
Inhibition of BL luminescence reaction by C12OH
To evaluate the BL-PNIPAm/ITO as the model system for studying the effects of hydrophobic drugs on protein functions, the inhibition of the BL luminescence reaction by C12OH was examined. To introduce C12OH into the sample solution, C12OH was added to the C11CHO stock solution, and then the solution was mixed with the aqueous FMN solution. The test solution contained 1.0 mmol dm -3 FMN, 50 μmol dm -3 C11CHO and 100 μmol dm -3 C12OH.
Results and Discussion
Electrochemical control of BL luminescence reaction Figure 1 shows the CVs of a solution of 1.0 mmol dm -3 FMN and 50 μmol dm -3 C11CHO measured using BL-PNIPAm/ITO at different immersion times. A well-defined CV peak of the FMN reduction was observed at about -0.7 V, and the peak current slightly increased with the immersion time to reach a constant value at 30 min. The reduction peak of the FMN confirmed that the FMN molecules are able to diffuse from the solution into the PNIPAm film. Figure 2 shows the effect of the immersion time of the BL-PNIPAm/ITO in the sample solution on the time course profile of the BL luminescence intensity. The sample solution contained 1.0 mmol dm -3 FMN and 50 μmol dm -3 C11CHO. For all time course profiles, the luminescence intensity increased with the electrolysis time. This result shows that the BL maintains its enzymatic activity even when confined in the PNIPAm film. The luminescence profile grew with an immersion time of up to 180 min, in contrast to that the constant CV profile was obtained within 30 min of immersion. The slower increase in the luminescence profile is attributed to the slower diffusion of the hydrophobic C11CHO molecules in the hydrophilic PNIPAm film.
To obtain the optimum conditions for the BL luminescence reaction, the effects of the electrolysis potential, the C11CHO concentration and the FMN concentration on the luminescence intensity were examined; the results are given in Table 1 . The C11CHO concentration higher than 50 μmol dm -3 was limited by the C11CHO solubility. For the effect of the FMN concentration, the luminescence intensity reached to the maximum value at 1.0 mmol dm -3 , and significantly decreased at 10 mmol dm -3 . The decrease in the luminescence intensity at the 10 mmol dm FMN concentration can partly be attributed to absorption of the BL luminescence by the FMN, because the luminescence spectrum (lmax = 445 nm) overlaps the absorption spectrum of FMN (lmax = 490 nm). 14, 15 By taking into account these results, the concentrations of FMN and C11CHO were set to 1.0 mmol dm -3 and 50 μmol dm -3 , respectively, and the electrolysis potential was -0.7 V for the BL luminescence reaction.
The reproducibility was examined with three modified electrodes prepared under the same condition. The relative standard deviation of the signals with these electrodes was within 10%. The stability of the BL-PNIPAm/ITO was also examined, and it was confirmed that the electrode maintained more than 90% of the maximum luminescence intensity, even at 24 h after preparation.
Inhibition of BL luminescence reaction by C12OH
To examine the applicability of the developed BL luminescence system for a study of the effects of hydrophobic molecules on protein functions, C12OH was injected into the BL system, and the corresponding change in the BL luminescence intensity was measured. As shown in Fig. 3 , the BL luminescence intensity gradually decreased with the immersion time in the solution containing C12OH. The decrease in the BL luminescence intensity was probably caused by competitive binding of the C12OH with the substrate C11CHO. In the present state, the inhibition response is rather slow due to the limited diffusion of C12OH molecules into the PNIPAm film; however, this will be improved by reducing the thickness of the PNIPAm film.
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